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Studies have been made of vibration and
dissociation nonequilibrium effects produced in
supersonic-nozzle expansions of diatomic gases
from known equilibrium conditions attained be-
hind reflected shock waves, The experiments
were done in an axisymmetric, 15° conical nozzle
attached to the end of a conventional shock tube.
For the study of vibrational nonequilibrium with-
out dissociation, nitrogen was shocked to reser-
voir temperatures and pressures in the ranges
2800 to 4600°K and 24 to 82 atm. The extent of
vibrational excitation was determined by measure-
ment of local vibrational temperatures using the
spectrum-line reversal method. For the study of
dissociation nonequilibrium without significant
vibration, hydrogen-argon mixtures were shocked
to a reservoir temperature of 6000°K and pres-
sures from 28 to 112 atm. At these conditions
the hydrogen ( ~» 8% mole fraction) was almost
completely dissociated. Nozzle-wall pressure
distributions were measured to observe effects
due to nonequilibrium Hy dissociation,

ABSTRACT

The studies of Ny vibration by the spectrum-
line reversal method showed the vibrational
temperatures in the nozzle flows to be much closer
to equilibrium than the available relaxation theory
predicts. Observations at two nozzle area ratios
showed that vibration was not completely frozen,
The rates of vibrational de-excitation inferred
from these measurements on the basis of current
theory are about fifteen times greater than those
inferred from previous measurements made be-
hind normal shock waves. Possible reasons for
this difference are discussed in terms of the basic
differences between shock-wave and nozzle-
expansion flows, and the applicability of Landau-
Teller assumptions to the latter conditions,

The wall pressure measurements made in the
studies of dissociated Hp + Ar expansions showed
a consistent reduction from equilibrium values.
This reduction in static pressure is attributed to .
the occurrence of a lag in hydrogen atom recom-
bination during the flow expansion. The relative
insensitivity of the static pressure to the flow
chemistry, together with the scatter of the exper-
imental data, permit a determination of recom-
bination-rate constants only to somewhat better
than a factor of 2,5, Within this order of variation,
at least, the recombination rate constants indi-
cated by matching finite-rate calculations with
the measured pressures are consistent with those
inferred from previous shock-wave dissociation
studies.

TThis work is supported by AFOSR, Contract No.
AF 49(638)-792; by NASA, Contract No, NASr-
109; and by AFOAR, ARL, Contract No.

AF 33(657)-8860,

- NOMENCLATURE

A = nozzle cross-section area
A" = nozzle cross-section area at throat
4, = recombination rate constant
/Z = local Mach number
= local pressure
#Ab,= local stream Reynolds number, =
7 = local translational temperature
Ty = local vibrational temperature
7= local wall temperature
7g = background or source temperature
&« = local stream velocity
%= axial distance measured from nozsgle
throat
d = specific heat ratio
Fd displacement thickness of nozzle wall
boundary layer
A= characteristic relaxation length for
vibration, = ¢4 ¥
£ = local stream density
7 = characteristic relaxation time for
vibration
Z;= characteriatic relaxation time for
vibration from Fig. 4
Subscript

O = reservoir value, attained behind reflected
shock wave

1. INTRODUCTION

The present paper describes experimental
studies of vibration and dissociation nonequilibrium
effects produced in supersonic nozzle expansions
of diatomic gases.™ The motivation for the work
stems from the importance of these relaxation
phenomena in various expansion-flow problems of
current technical interest. While the nonequili-
brium behavior of expansion flows in nozzles, for
example, can be calculated by machine methods
if the phenomenolog}cal description of the rate
processes is known -5, approximations or extra-
polations in the kinetic description are inevitably
necessary, These extrapolations can only be
truly assessed or justified by direct experiment.
Ae an example, rate data determined from normal
shock-wave (shock-tube) experiments are usually
employed in calculating the nonequilibrium be-
havior of nozzle flows. However, the thermo-
gasdynamic environment and the net direction of
the rate processes involved, are generally very
different in a nozzle flow than in a normal shock-
wave flow, In the opinion of the present authors,
the limitations of current knowledge of nonequili-
brium molecular processes necessitate caution in -
making or accepting such extrapolations. There
is a need for direct experimental confirmations
where feasible., This view is not unique herein as

*Preliminary results from this study were pre-
viously reported in Ref. 1.
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is evidenced by the increased research effort of
latie on nonequilibrium effects in nozzle-tflow
experiments -8,

The present experiments entail shock-wave
heating of various test gases to known equilibrium
states in the region behind reflected shock waves.
This region serves as a reservoir for the steady-
flow expansion of these gases, of millisecond
duration, in a convergent-divergent supersonic
nozzle coupled to the end of the shock tube. The
diagnostic techniques employed in these studies
include the measurement of vibrational tempera-
tures by spectrum-line reversal and the
measurement of nozzle-wall pressure and heat
transfer distributions at several stations along
the nozzle. Following a detailed description of
the shock tube-nozzle apparatus and the measure-
ment techniques in Sec. 2, two separate experi-
ments will be described in Secs. 3 and 4. These
two experiments involve molecular vibrational
de-excitation or atom recombination, respectively,
as the dominant nonequilibrium process of inter-
est. As noted above, these two processes are of
fundamental importance in various expansion flows
which may entail great chemical complexity. The
present experiments provide examples of simple
expansion flows wherein a single nonequilibrium
process dominates and observed effects can bs
interpreted with some confidence,

In the vibrational de-excitation studies of
Sec. 3, pure nitrogen was expanded from equili-
brium reservoir temperatures and pressures in
the range 2800° to 4600°K and 24 to 82 atm.

The intent here was to observe vibrational lag
effects in a simple expansion-flow system and, in
particular, one uncomplicated by chemical change.
At the above reservoir conditions, nitrogen
dissociation is negligible but the vibrational exci-
tation is large. Local vibrational temperatures
and wall static pressures were measured at vari-
ous area ratios along the nozzle, The measure-
ments show that vibrational excitation departs
rapidly from local equilibrium at an early stage
in the expansion and tends to become frozen. The
local vibrational temperatures measured are con-
siderably lower than values predicted from the
simple vibrational relaxation theory (i.e., they
are closer to equilibrium), although they typically
exceed corresponding values appropriate to full
equilibrium by 50% or more.

The present studies with nitrogen thus give
only qualitative confirmation to previous theoret-
ical analyses which predict vibration freezing in
such an expanding flow system (see, for example,
Ref. 5). These analyses use the vibrational re-
laxation theory employed to describe vibrational
excitation behind normal shock waves?., Quantita-
tively, as noted above, the local vibrational
temperatures measured in the present experiments
are substantially below those predicted by this
theory. Accordingly, these results imply that the
efficiency of the vibrational de-excitation process
involved in the present nozzle expansions of nitro-
gen is significantly higher than that inferred from
measurements made behind normal shock waves9.
Interpreted in terms of a vibrational de-excitation
rate on the basis of current relaxation theory, the
present results imply a rate about fifteen times
faster than that inferred from appropriate shock-
wave data. The question of the applicability of
the latter data under the present expansion-flow

conditions is discussed in Sec. 3. 3.

In the chemical recombination studies des-
cribed in Sec. 4, a mixture of hydrogen ( ~~ 8%
undissociated mole fraction) and argon was ex-
panded from an equilibrium reservoir temperature
of 6000°K and reservoir pressures from 28 to 112
atm. At these reservoir conditions the hydrogen
was almost completely dissociated. Because of
this, and the very high natural frequency of vibra-
tion of the hydrogen molecule, the energy in
vibrational excitation at the reservoir conditions
was very small relative to that in dissociation.
Consequently, in these expansions a lag in {hydro-
gen) atom recombination was expected to be the
dominant nonequilibrium procesa., The effect of
this process on the flow static pressure was ex-
pected to be large (in contrast to the Ny vibration
gtudies), In these experiments, therefore, wall
static pressure distributions only were measured.
The measured pressure distributions were com-
pared with corresponding theoretical distributions
calculated for equilibrium, frozen, and finite
reaction-rate flow.

When corrected for nozzle-wall boundary layer
effects, the comparison shows the experimental
pressures to be generally below the limit for
equilibrium hydrogen dissociation but above the
limit for frozen dissociation. The reduction of
the pressures below corresponding equilibrium
values is attributed to the occurrence of a lag in
hydrogen atom recombination during flow expan-
sion. The relative insensitivity of static pressure
to the flow chemistry, together with the scatter of
the experimental data, permit a determination of
recombination rate constants only to somewhat
better than a factor of 2,5. Within this order of
variation, at least, the recombination rate con-
stants inferred by matching finite-rate calculations
with measured pressures are consistent with
those inferred from previous shock-wave diasocia-
tion studies. However, any incompatibility with
shock-wave rate data within this factor, analogous
to what is observed for nitrogen vibration, would
be masked by the data scatter,

2. EXPERIMENTAL METHOD

2.1 Shock Tube and Nozzle Apparatus

The shock tube used is of conventional design
and consists of a high-pressure driver-gas tube
and low-pressure driven or test-gas tube separated
by a double-diaphragm section. The driver is 12
ft. long, 3-1/2 in. I,D., and is capable of operation
at driver-gas pressures up to 30,000 psi, Helium
and hydrogen were both used as driver gases in
the present work., The driven tube is 20 ft, long
with a square internal cross-section 2-1/2 x
2-1/2 in., and has a maximum working pressure
of 5000 psi. The double-diaphragm section allows
controlled bursts of the main driver diaphragm at
desired driver-gas pressures. This technique has
resulted in a high degree of reliability and repro-
ducibility in obtaining the desired reservoir con-
ditions at the nozzle entrance,

The downstream half of the driven tube is
instrumented with thin-film resistance thermo- -
meters which are used as time-of-arrival gages
for the incident shock wave. In addition, the last
station in the driven tube, about 3-5/8 in. from
the nozzle entrance, is instrumented for pressure



measurement and also contains small viewing win-
dows for spectroscopic measurements. The
initial test-gas pressure is monitored on a bank
of four Wallace & Tiernan precision manometers
with overlapping scales covering the pressure
range from 0 - 800 mm Hg abs.

The axisymmetric nozzle used in the present
work is coupled to the end of the shock tube and
discharges into a large tank. Schematic views of
both the nozzle and the assembled apparatus are
shown in Fig. 1. The nozzle has a 3/8-inch dia-
meter throat, upstream of which the contour
rapidly becomes plane and normal to the tube axis
to provide good reflection of the incident shock
wave, A few inches downstream of the throat the
contour becomes conical with a total included
angle of 15°., The entire contour is smooth to the
extent that the second derivative is continuous
throughout,

The nozzle can be instrumented along the
walls to permit the simultaneous measurement of
static preasgure and heat transfer, and small win-
dows are fitted to allow optical measurements.
At present, nozzle-wall static pressure distribu-
tions can be obtained from measurements at area
ratios of A/A®* = 4, 8, 16, 32, 64 and 128, as
indicated in Fig. 1. Spectroscopic line-reversal
measurements can be simultaneously obtained at
area ratios of 8 and 32,

Prior to each experiment the nozzle and dis-
charge tank are isolated from the shock tube by
means of a scribed copper diaphragm located at
the nozzle entrance. The nozzle-tank combina-
tion is evacuated to less than 0,1 Hg and has a
maximum rate of pressure rise of 0.1p Hg per
minute. The driven-gas tube is initially evacuated
to less than 0.2 Hg prior to charging with test:
gas to the desired initial pressure. The driven
tube has a measured leak rate of about lp Hg per
minute. Following the bursting of the driver-
driven gas diaphragm, the pressure rise behind
the reflected shock wave at the end of the driven
tube is sufficient to burst the copper diaphragm
(but not fragment it). Thereupon, steady flow is
established through the nozzle in a time of the
order of a few hundred microseconda,

2.2 Temperature Measurement

The measurement of temperature in a non-
equilibrium system, when possible, affords a
powerful means of studying the behavior of assoc-
iated nonequilibrium processes, Of course, such
systems cannot be chacacterized by a single tem-
perature, However, the various degrees of
freedom, if in Boltzmann distributions, may be
characterized by widely differing but meaningful
temperatures, This is the case in the nonequili-
brium expansion flows of undissociated N, con-
sidered in the present work. In these flows, the
lag in vibrational de-excitation produces local
vibrational temperatures which are considerably
higher than the local equilibrated translational and
rotational temperatures, while its effect on the
normal observable thermodynamic properties is
small, Hence, a measure of the vibrational tem-
perature will provide the most sensitive and direct
determination of the nature and efficiency of the
processes of vibrational de-excitation under these
conditions. The spectrum-line reversal method
described below has been previously shown to

»

measure vibrational temperatures in nonequilibrium
systems! !, and was accordingly used to record the
vibrational temperatures in the present N, expan-
sions,

Spectrum-Line Reversal Method - Due to the
strong dependence of radiation intensity on temper-
ature, the most sensitive and acceptable determin-
ation of the temperature of a gas is provided by a
measure of the light which it emits or absorbs,

An accurate temperature measurement using ab-
gsolute or relative emission intensities of spectral
lines or bands requires a detailed knowledge of
the density and radiative strengths of the emitting
species, and is complicated by the varying effects
of self-absorption, While the latter complication
is avoided by measuring the intensities in absorp-
tion, the others remain. However, if a simultan-
eous measurement is made of both emission and
absorption intensities these difficulties can be
avoided entirely, and the temperature of the gas
may be accurately determined. The observation
may then also be restricted to a single convenient
spectrum line or band, and can be made photo-
metrically to obtain time-resolved temperatures.
{(The resonance lines of the metallic atoms Na and
Cr are most suitable in this respect.) This is the
essence of the line reversal method as adapted to
the measurement of transient gas temperatures,
The principles of this method have been described
in detail by Gaydon and Hurlel?, and only an
account of its present experimental application and
the effective temperature it measures is given
here.

Optical System for Line-Reversal Measure-
ments - The optical arrangement used for
reversal measurements in the present work is
shown in Fig. 2(a). Light from a continuous
background source S, is focused by the lens L, ,
via beam splitter B, and window Wi, into the
nozzle, A portion of the image $’ formed on the
nozzle axis is focused by the lens L, , via beam
splitter &; and aperture A, , on to the aperture

A, . This precedes an interference filter £
which covers the exposed cathode area of the
photomultiplier £ . The filter F, is used to
isolate a narrow wavelength region around the
spectrum line concerned. The apertures A4, and

Ag ensure that /4 receives light from the same
area, and in the same solid angle, for both the
image §' and the radiating gas in the nozzle, It
is vitally essential that this condition is fulfilled,
otherwise the emission from the gas will be over-
weighted and the measured temperature will then
be erroneously high.

The second photomultiplier e is sighted
along an identical reciprocal path £-8', so
that the emission is observed from exactly the
same volume of gas as the absorption, This optical
arrangement removes any possible error due to
non-isotropic properties of the observed gas sample.
The source &, is similar to S, , but is used only
to balance the sensitivities of the two optical beams
prior to an experiment. For this purpose it is set
at a brightness temperature equal to that of the
main source §, , and the photomultiplier output
signals adjusted to be equal., This procedure com-
pensates for any optical and electronic inequalities
between the two recording systems, '

The photomultiplier signals are displayed on
a double-beam Tektronix Model 502 oscilloscope,



the upper and lower beams displaying respectively
the emission upwards and absorption downwards.
A typical oscilloscope record obtained in the pre-
sent work is shown in Fig. 5, and the evaluation
of the temperature from this record is described
in Sec. 3.1.

Two similar double-beam systems are used
to permit the vibrational temperature to be deter-
mined simultaneously at area ratios of 8 and 32
in the nozzle. The arrangement of these beams is
shown in Fig. 2(b), in which the outer beams are
obtained by the use of the first-surface mirrors
M, and M, . Only one of these outer beams was
used in the present work. The windows W/ and
W are l-inch diameter and 1/4-inch thick quartz
discs, mounted tangent with the inside surface of
the nozzle wall. The optical path lengths at the
two stations are about 1 and 2 inches, respectively.

The background sources consist of small tung-
sten spheres heated by a d.c. arc, and are manu-
factured commerically in England as "Pointolites',
These were calibrated over a range of brightness
temperatures from 1800° to 3000°K by the use of
an optical i)yrometer and the tungsten emissivities
of de Vos!l, These sources are very stable and
reproducible, and the calibration is accurate to
within + 15°K. The effective brightness tempera-
ture of the image €’ is calculated allowing for the
measured light losses at L, , 8, , and W} . The
filters £ and Ffp are a matched pair. Two
pairs centered with the aid of a Hilger mono-
chromator at 4272 A and 5893 A were used to
isolate the Cr resonance triplet at 4254, 4271,
4289 A , and the Na resonance doublet at 5890
and 5896 A , respectively. These filters are
made by Baird Atomic Inc., and have a pass band
of around 45 & and a transmission around 50%.
The photomultipliers are EMI type 9558 having
photocathode sensitivities of around 100pa/lumen.
The current in each dynode chain was about 5 ma.,
which ensures a linear response to light intensity
variations, The linearity was confirmed by in-
serting various calibrated neutral filters into the
optical beams. The photomultiplier anode loads
are 47K{l , affording an over-all oscilloscope
time-response of about 10 sec,

Temperature Measured by Reversal Method-
The temperature measured in a line reversal
experiment is essentially the excitation tempera-
ture of the electronic state giving rise to the
spectrum line concerned, and as such is defined
by the Boltzmann relation in terms of the relative
number of atoms in this state. This population
will be sensitively determined by the balance be-
tween the collisional and radiative transfer pro-
cesses leading to excitation and de-excitation. If
the collisional processes involve the efficient
transfer of energy from a degree of freedom
which is slow in attaining thermal equilibrium
(i.e. is relaxing), then the measured temperature
will be the effective temperature of this degree of
freedom. In this respect, there are many rea-
sons for believing that the excitation temperature
of the metallic atom used in reversal measure-
ment is in equilibrium with the vibrational temper-
ature of the gas. Evidence supporting this corres-
pondence between the temperatures is given below.

It is unlikely that thermal excitation of an
atom will occur efficiently on collision with an-
other atomic species, since the energy and

momentum transfer between a heavy atom and
light electron is small, This is borne out by
studies of quenching of resonance fluorescence of
metallic vapoursl2 and by reversal temperature
measurements behind shock waves in inert gases
containing metallic atoms The work of Ref, 12
indicates effectively zero quenching cross sections
at low temperatures., The work of Ref. 13 indi-
cates a weak coupling between translational and
electronic energy at higher temperatures, which
may arise from a radiationless transition at the
elevated cross-over point of repulsive potential
curves for the diatomic complex formed during the
collision, The cross sections measured for this
process are many orders less than the gas-kinetic
values. For similar reasons, excitation by direct
transfer of translational or rotational energy from
a molecule to an atom can be precluded, rotational
transfer being further unlikely on the basis of
angular momenturn conservation,

The quenching of resonance fluorescence of
metallic atoms by molecules is, however, known
to occur readilY, and in some cases with almost
every collisionl4, A theoretical examination of
this process, such as given by Laidlerl5, shows
that during the lifetime of the collision complex
there is a high probability that the electronic exci-
tation of the atom will be converted to vibrational
energy of the complex which, on separation, leaves
the quenching molecule vibrationally excited. The
work of Karl and Polanyi16 indicates, as might be
expected, that the quantum of electronic energy
concerned appears initially in the nearest resonant
vibrational level,

Previous line reversal measurements behind
shocks in diatomic gases have shown that the re-
versal temperature changes with time in a manner
clearly indicating that this temperature is in
equilibrium with the relaxing vibrational tempera-
ture of the gas. For N and CO, the temperature
from Na and Cr reversal rises slowly at rates con-
sistent with the vibrational relaxation times as
measured independently by other workers using
interferometry and infra-red emission tech-
niquesl?, The results for N, are indicated in
Fig. 4. Behind shock waves in 62, CO; and Hj
the reversal temperature has been observed to
fall at rates indicative of, and consistent with, the
fall in vibrational temperature expected due to
dissociationl7,

Thus, the evidence for the equivalence between
measured reversal and vibrational temperature is
unquestionably strong. The use of the method in
the present work is advantageous since only rela-
tively small amounts of vibrational energy are con-
tained in the N2 flows, but the effect of changes in
this energy on the vibrational temperature is
significant, Furthermore, since the intensity of
spectral emission varies extremely rapidly with
temperature (at 2500°K, the intensity in the blue
region varies effectively as the 14th power of the
temperature), the vibrational temperature can be
measured to within a few percent,

2.3 Pressure Measurement

The measurement of static pressures in .
nozzle-flow studies of the present kind is desirable
for two reasons. First, the static pressure is a
basic gasdynamic variable whose measured distri-
bution effectively defines and/or assesses the



actual fluid dynamics of the flow being studied.
Confirmation of the basic thermo-gasdynamic en-
vironment is obviously necessary in order to
employ with confidence more difficult or refined
diagnostic techniques such as the spectroscopic
line-reversal method previously described. Sec-
ond, where the nonequilibrium process of interest
involves sufficient enthalpy and the gas is suffici-
ently expanded, the measurement of static pres-
sures can be a useful method (if not the only ready
method) of detecting departures from equilibrium
flow.

The present approach to the measurement of
the flow static-pressure distribution has been to
instrument the nozzle wall with flush-mounted
transducers rather than attempt to develop static
pressure probes for insertion into the flow as done
by some previous workers (e.g., Ref. 6). Not-
withstanding the more serious mechanical-shock
problem encountered, this approach was followed
because it presents essentially no problem what-
soever as regards basic interpretation of the
measurement, That is, the measured pressure
at the wall is the local flow static pressure. In
contrast, in a nonequilibrium, supersonic or
hypersonic nozzle flow characterized by large
axial gradients the relation between static pres-
sures measured on a probe to those which would
exist in the absence of the probe poses a major
research problem in itself, Not only the complex
fluid dynamic, but equally important, the non-
equilibrium character of the local flow field gener-
ated by the probe must be fully understood to
interpret the probe measurement. Otherwise,
probe nonequilibrium effects (initiated by the
probe shock wave, say), which might well distort
or mask those under study, could lead to serious
misinterpretation. The calibration of such effects
would appear exceedingly difficult, if not impos-
sible.

In the present work, the nozzle-wall pressure
transducer used is the Kistler piezoelectric trans-
ducer, model 401 (PZ-14). The piezoelectric
element is quartz. The transducer has a sensi-
tivity of 4upcb/psi over the range of pressures
calibrated, namely 0.1 to 3000 psi, and a natural-
ring frequency of 50 Kc. The direct calibration of
the transducer is by a dead-weight tester over the
range 30 to 3000 psia. Below 30 psia, a simple
dynamic calibration method is used. This entails
exposing the transducer to a reservoir of gas at
known pressure by means of a rapid-acting mech-
anical value. The calibrations are linear over the
above pressure range and reproducible to better
than 2% even after several months usage. As with
any very high-impedance transducer, it is neces-
sary to take particular precautions to avoid charge
leakage due to dirt or moisture in order to obtain
consistent performance.

Transducer response to normal acceleration
of the nozzle wall occurring from mechanical
shock is minimized by use of a relatively massive
and soft mount having a low natural frequency.
The ring frequency of the nozzle wall itself is
made relatively high by appropriate structural
design. The transducer is imbedded in a massive
brass block which contacts the nozzle wall only
through soft "O'" rings (40 durometer). The stiff-
ness of the mount can be varied by mechanical
compression. To attain good spatial resolution
and provide a combined heat sink and shield to

minimize temperature effects, the transducer dia-
phragm is located a few thousandths of aninchbehind
an orifice in the nozzle wall, Orifice diameters
range from about 1/16 to 1/8 inch, depending on
the nozzle area ratio of the pressure station, and
the orifice depth (i.e., local wall thickness) is
about 1/32 inch. Adjustment of the orifice-cavity
geometry was made until the response time of the
system at any station was within the flow starting
time.

In general, the performance of this transducer
system has proved quite satisfactory, A further
calibration check on the over-all transducer per-
formance under conditions of nozzle flow is pro-
vided by the flow calibration experiments described
in Sec, 2.4, The lower limit of measurable pres-
sure is currently about 0,25 psi. This limit could
probably be further reduced by additional im-
provement of the mechanical isolation,

2.4 Flow Calibration Experiments

Reservoir State - Measurements of the reser-
voir pressure attained behind reflected shock waves
were made over a wide range of conditions with the
PZ14 pressure transducer. The purpose of these
measurements was to determine the consistency
with which the reservoir pressure could be meas-
ured with this transducer and to determine the
agreement of the measured pressure with that cal-
culated on the basis of the measured wave speed.
The measurements were made for undertailored,
tailored, and over-tailored shock-wave conditions
using both hydrogen and helium driver gases. In
general, the measured reservoir pressures were
found to agree to within about 5% with the calculated
pressures immediately behind the reflected shock
wave,

In order to check the calculated reservoir
temnperatures, several temperature measurements
were made using the line-reversal method behind
reflected shocks in Ny (see also Sec. 3.2). These
measured temperatures, which were restric ted
to below 3000°K by the upper limit imposed by the
background reversal source, were in good agree-
ment with the theoretical equilibrium values cal-
culated from the measured wave speed. Above
3000°K, the measured reservoir pressures agreed
well with those calculated from the measured wave
speed, as noted above. This agreement of pres-
sures lends some confidence to the use of calculat-
ed reservoir temperatures above 3000°K,

In order to determine whether the opening of
the nozzle diaphragm produced any significant
effect on the reservoir temperature, several line-
reversal measurements were made with normal
diaphragm rupture and with the nozzle entrance
blanked-off completely. No difference in the
measured temperatures was observed.

Nozzle-Flow Calibration - A large number of
calibration experiments were conducted in the con-
ical nozzle to determine the reliability of the pres-
sure measurement techniques and establish the
effects of wall boundary layer, In order to elimin-
ate real-gas effects and cover a wide range of flow
conditions, static pressure distributions were
measured for test-gas flows of helium, nitrogen,
and argon at reservoir temperatures and pressures
of 300°K and 15 atm., 2000°K and 60 atm., and
4000°K and 120 atm., respectively. For the




flavr e
1.8WS,

Iliae 43 Avm

lllLL Usbll \.d.l.lUL [CRPRCI Y
was small with consequent very small effect of
vibrational relaxation on pressure, The shock-
mount stiffness and orifice-cavity geometry of the
pressure transducers were adjusted during these
studies to minimize acceleration response and
obtain response times {200y sec.) less than the
nozzle starting times. For each gas used in
these flow calibration studies, the pressure data
indicated a scatter within + 5% of the mean value
of the pressure observed at each nozzle station.
In addition, the data indicated monatonically de-
creasing pressures with increasing area ratio.
The experimental pressures, however, were
higher than values calculated for pseudo-one-
dimensional, inviscid flow, The difference be-
tween the measured and calculated pressure
distributions was attributed to nozzle wall bound-
ary layer,

For the helium-flow calibration studies { T, =
300°K and A =15 atm.), relatively large differ-
ences between the measured and inviscid pressure
distributions were observed. These large differ-
ences were interpreted as due to a turbulent
boundary layer which, in this case, was made re-
latively thick by the lack of boundary layer cooling
(i.e. near adiabatic-wall condition). For the
argon-flow studies, on the other hand, a highly
cooled boundary layer ( Tw/7, . 075). coupled
with high reservoir pressures resulted in small
deviations of the observed pressures from the
inviscid values. In total, the pressure data from
these calibration experiments provided a good
means for evaluating a theoretical correction to
the nozzle area ratio to account for boundary-
layer displacement. For this purpose, the
pressure distributions calculated from inviscid,
pseudo-one-dimensional (or source-flow) theory
were corrected for boundary-layer displacement
as described below, and compared with the exper-
imental data. The assumption of source flow for
the inviscid-flow model is a very good approxima-
tion for the present nozzle geometry.

For the range of Reynolds numbers involved
in the calibration experiments as well as those of
Secs. 3 and 4, the nozzle wall boundary layer was
assumed to be turbulent. The existence of turbul-
ent boundary layers was also verified directly by
the measurement of nozzle-wall heat-transfer
rates using thin-film heat transfer gages. The
displacement thickness *was calculated from a
semi-empirical formula after Burke30 who ex-
amined the approach of local similarity as well
as equivalent flat plate flow. The particular ex-
pression used in the present work is

/ﬂd-wf 2 -»4
L ouonlre Y s XG> //923,.‘

where AJ is the exponent in the viscosity law

~ 7% ,97n = 3, R, is the local stream Reynolds
number based on - , M is the local Mach num-
ber, and X% is distance from the throat where §”
is taken to be zero. It may be noted that, apart
from the present calibration experiments, this
expression has previouslg been tested with a var-
iety of experimental data30 and shown to be
accurate over the present range of Mach numbers.
In all of the present experiments the ratio 3% did
not vary strongly and was of order ,01,

Over the entire range of calibration experi-

ments, agreement to within a few percent was
generally obtained between the measured pressure
distributions and those calculated by applying the
above displacement thickness to reduce the inviscid-
flow area ratios. An exception to this generally
good agreement was observed at an area ratio of 4,
as discussed in Sec. 4.1. In order to illustrate
typical results, calibration data for the nitrogen
experiments are shown in Fig, 3. A typical oscil-
loscope record of the transducer response is shown
in the upper right corner of this figure. The hori-
zontal separation of the two theoretical curves in-
dicates the effect of the wall boundary layer on the
nozzle area ratio. The two sets of experimental
pressure data indicate the typical agreement with
the corrected theory, as well as the reliability of
the pressure instrumentation. Similar agreement
obtained in all calibration experiments permitted a
confident assessment of boundary layer effects in
the nonequilibrium flow experiments to be describ-
ed, particularly those in Sec. 4.

Nozzle-Flow Test Time - The spectrum-line
reversal method has the additional advantage of
clearly indicating the termination of the nozzle
test time, as determined by the arrival of the
driven-driver gas interface in the nozzle, The
interface is revealed by a fall-off in light emission
and temperature, as indicated in the typical record
shown in Fig. 5. In all the observations, over a
wide range of reservoir conditions, the test time
was much less than that expected even allowing for
the usual reduction due to real-gas and non-ideal
flow effects. Operation with Hp as the driver gas
at tailored-interface conditions gave no unoticeable
improvement in test-time. The testing times
using He as the driver gas at very much over-
tailored conditions were longer than those obtained
with Hp driver at the tailored condition,

These observations were further confirmed by
the previously mentioned temperature measure-
ments made in the reservoir region behind the re-
flected shock. The observations made in this
region with and without the nozzle operating further
showed that the duration of test time was not
significantly influenced by the mass outflow through
the nozzle. In both the reservoir region and in the
nozzle, the interface arrival as detected by thin-
film resistance thermometers corroborated that
indicated by the line reversal measurements,.

The observed flow test times were about one-
half and one millisecond, respectively, for the N,-
and H;-flow experiments to be described in Secs.

3 and 4. These observed test times were of the
order of one quarter those calculated for ideal
flow.

3. NITROGEN VIBRATION STUDIES

Previous studies of the efficiency of de-
excitation of N, vibration by nitrogen molecules
have been confined to measurements made behind
incident shock waves?: 10, or in other systems
where vibrational energy relaxes towards a final
equilibrium state under the dominant influence of
the excitation process The relaxation times
inferred from these measurements are plotted in
Fig. 4 versus the final equilibrium temperature
attained. The normal-shock measurements were
all made during the final stages of the relaxation,
where the extent of the departure from equilibrium
is relatively small and the Landau-Teller



theorygv 20 is therefore expected to be valid.

It has been assumed to date that the de-
excitation rates inferred from the normal-shock
studies can be used with the Landau-Teller theory
to calculate the vibrational lag in nozzle expan-
sions (see, for example, Ref. 5), Calculations
based on these assumptions predict substantial
freezing of vibrational energy in the expanding-
gas flow, which could produce a significant re-
duction in the available free-stream enthalpy.
However, as previously noted in the introduction,
the present measurements of vibrational tempera-
tures discussed in Secs. 3.1 and 3.2 indicate that
the vibrational energy remains much closer to
equilibrium in the nozzle expansions than such
calculations predict. The interpretation of this
significant result is discussed in Sec. 3.3.

3.1 Ewvaluation of Vibrational Temperature

A typical oscilloscope record of Na-line re-
versal obtained in the expansion of N, is shown in
Fig. 5. The upper trace shows the emission signal
as recorded by A (see Fig. 2), and the lower
trace the absorption as recorded by B against
the background source §, at an effective bright-
ness temperature 75, = 2160°K. (Since the other
source §, is not operating, its effective back-
ground temperature, 7g; , is that of the room -
i.e. Tgy = 300°K.) Due to the very low vibrational
temperature in this particular expansion the
emission beam was operated at a much higher
amplification than the absorption beam. Since the
beams are balanced at equal sensitivity, the true
amplitudes of these signals are obtained from a
known scaling factor.

In this record, if the true signal amplitudes
are respectively ¢ and @ units of emission and
absorption, and the observed excitation tempera-
ture of the Na is 7, , then we may write, using
Wien's approximation to Planck's Law
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From this expression, with the knowledge of Tal
and a measurement of the signal amplitudes at var-
ious times during the flow of expanded gas, the
temporal behavior of the vibrational temperature
7. may be evaluated simply and quickly, The
evaluation of 7, for the record shown in Fig, 5
is given in the lower half of this figure. Two
features are worthy of special note in these oscil-
loscope records and their temperature analysis,

First, although the amplitude of the oscillo-
scope signals depends on both the local tempera-
ture and the concentration of metallic atoms, the
method of measurement is able to discriminate
between variations in these two quantities, For
example, if the concentration increases, both
signals increase in amplitude but their ratio re-
mains the same, so that the measured temperature
does not vary. If the temperature increases, the
emission also increases but the absorption de-
creases, and vice versa, Thus, it is noted in Fig.
5 that the large change in signals beginning at
about 0.3 msec. is actually due to a density in-
crease,

The second feature to be noted is that the
large fall in emission at the start of the flow actu-
ally represents only a relatively small decrease
in temperature. In fact, a decrease in tempera-
ture of only 100° at 2000°K will almost halve the
emission amplitude at the Na wavelength, and more
than halve it at the Cr wavelength, This feature
affords a very precise determination of the temper-
ature, The amplitudes of the oscilloscope signals
may be easily read to within + 10%, and this repre-
sents an error of only + 10°K at 2000°K, The
background source is calibrated to within + 15°K,
so that the over-all error is certainly within +30°K,
Thus, the error in temperature measurement is
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In these expressions, éa,a_ are constants which de-
pend on the optical and electronic properties of the
beams, the shape of the spectrum line used and the
density of the Na atoms. These constants are
made equal for each of the two beams by the opti-
cal arrangement and the initial balancing proce-
dure, described in Sec. 2.2, &, and oG, are
respectively the emissivity and}absorptivity of

the gas at the wavelength A concerned, and
is the second radiation constant. In the expression
for & , the first term represents the steady d.c.
light level from the background as represented by
the oscilloscope trace prior to the arrival of the
expanding gases, the second term the transmitted
intensity after absorption of this light at the Na
wavelength, and the third the Na emission from
the expanded gases.

From the above relations, and using Kirchoff's
Law which states the equality between spectral
emissivity and absorptivity,

less than + 2% for the temperature range consider-
ed in the present work.

This measureable temperature range in the
present application extends from 1500° to 3000°K,
The lower limit is set by the noise level arising
from statistical fluctuations at the photocathode
surfaces. The upper limit is determined by the
melting point of the tungsten ""Pointolite''. The
lower limit in the present work corresponds to an
improvement of more than an order of magnitude
in sensitivity over that of previous work2l,

Introduction of Na and Cr - In the present ex-
periments, temperature measurements were made
using both Na and Cr as reversal elements. The
Na was introduced by passing the N test gas into
the shock tube over a heated spiral filament of
platinum, previously coated with NaCl, This
method has been used successfully in previous
work2l, and gives a uniform and reproducible sus-
pension of NaCl smoke particles in the test gas.
The Cr was introduced by mixing small amounts of
the volatile compount Cr(CO)g with the test gas




prior to filling the tube. Partial pressures of
0.1% or iess of Cr{COj¢, and trace amounts ot
NaCl were used, In each of these cases, the add-
ed compound has been previously observedl 3 to
dissociate rapidly in the primary shock front, the
amount of heat involved in the process being ex-
ceedingly small,

3.2 Experimental Results

Initial Observations - The results of the
initial measurements of N, vibrational tempera-
tures at area ratios of 8 and 32 in the conical
nozzle are shown in Fig. 6. The two experiment-
al temperatures shown represent the superim-
posed results of many consistent observations for
expansions from conditions of a constant reser-
voir temperature, 75 , of 4500°K and a constant
reservoir pressure, A2 , of 50 atm. In these
initial experiments, Cr was used as the line-
reversal element. In additional experiments,
described later in this section, similar observa-
tions were made using Na. The results of many
of these Na observations at the area ratio of 8 are
also shown by the superimposed point in Fig. 6.
It is noted that the vibrational temperatures meas-
ured with each element coincide almost exactly.
The significance of this featureis discussed later
in this section. The experimental points shown
have not been corrected for the change in area
ratio due to the boundary layer since the correc-
tions involved in this case are rather unimportant
(see Fig. 3).

The upper curve in Fig. 6 represents the vi-
brational temperature distribution in the nozzle
as calculated by the use of the Landau-Teller
theory, using the vibrational relaxation times T
for N2 as given by the shock-tube data of Fig. 4.
This method of calculation is described briefly
below and in detail in the appendix. The lower
curve in Fig. 6 is the vibrational temperature
distribution for equilibrium flow, that is, for

Z's = 0 or zero relaxation time.

It is seen in this figure that the observed
vibrational temperatures lie much closer to equi-
librium than predicted by the use of Landau-
Teller theory.

In view of the large discrepancy between the
measured and calculated vibrational temperatures
a series of crucial additional experiments were
carried out to substantiate the validity of the above
temperature observations. These experiments
are described below.

Additional Experiments - These consisted of

(i) measuring the reservoir temperature be-
hind the reflected shock with the same optical
line-reversal system, and similar conditions of
temperature and pressure as in the nozzle.

(ii) varying the amount of metallic additive
(Cr(CO)g) over a wide range, and observing if any
changes occurred in the measured temperatures.

(iii) making temperature observations with
Na in addition to Cr additive,

The reservoir temperature measurements
were made in the range 2000-3000°K, and the ob-
served temperatures agreed well with those pre-
dicted from the wave speed and reservoir pres-
sure measurements. At the lower measured
temperatures, the vibrational relaxation immedi-

ately behind the reflected shock was revealed by

an initially low and subsequently rising reversal
temperature, as in previous work This series
of experiments confirmed the ability of the present
technique to measure temperature accurately under
conditions similar to those in the nozzle.

Varying the amounts of Cr additive served to
reveal three possible effects. The first and most
obvious was the determination of whether the addi-
tives were themselves affecting the temperature,
either directly by absorbing enthalpy in their de-
composition, or indirectly by acting as impurities
in the relaxation process. The second was con-
cerned with the possibility that the metallic atoms,
by virtue of the efficient coupling of their electronic
excitation with the Nj vibrational energy, were
effectively radiating vibrational energy from the
system. The third was whether the presence of
colder metallic atoms in the denser gas of the
nozzle boundary layer was spectroscopically mask-
ing the reversal measurements. Each of these
effects would cause the measured temperatures to
be too low,

In these experiments, the Cr(CO)y concentra-
tion was varied from 10-1% to 3 x 10-3% by pres-
sure for constant reservoir conditions. No change
in the measured vibrational temperature was ob-
served, and it was concluded that the above three
effects were unimportant, As regards the bound-
ary layer, any effect here would have resulted in
an increase in measured temperature as the
Cr(CO)¢ concentration was decreased over this
wide range.

It is of interest to note that throughout the
course of this work, check experiments were re-
peated wherein no Na or Cr additives were used.
In these cases, no light emission or absorption
was observed. This confirmed that the source of
the radiation was due to the Na or Cr atoms, and
not to any extraneous effects.

The temperature measurements made in the
nozzle using Na as well as Cr as the additive were
carried out for similar expansion conditions. The
measured temperatures for both Na and Cr were
in complete agreement (see Fig. 6). This result
bears significantly on the following more serious
question. If the exchange of vibrational quanta be-
tween levels is not as efficient as predicted theoret-
ically (see appendix), the possibility of a non-
Boltzmann distribution in vibrational energy arises
during the expansion. This distribution would not
then be characterized by a single vibrational tem-
perature, since each level would have its own
effective excitation temperature as determined by
its population. Since the Cr resonance states lie
closest to the 11th, and the Na resonance states
closest to the 7th vibrational levels of N, a non-
Boltzmann distribution would be revealed by differ-
ing line-reversal temperatures for these metals.
This was not observed, and it therefore appears
that a Boltzmann distribution between the vibra-
tional levels existed during the expansion,

The results of these additional experiments
gave no reasons to doubt the validity of the vibra-
tional temperatures measured by line-reversal in
the present work, Indeed, the results of all the
additional experiments fully support the initial
observations shown in Fig. 6.



Calculated Vibrational Temperatures - It was
felt that the real disagreement between the calcula-
ted and measured temperatures gave cause for a
re-examination of the method of calculation. The
initial calculations of the vibrational distribution
were based on a previous method5 pertaining to
the relaxation of vibrational energy under nozzle-
expansion conditions. The method assumes the
applicability of the macroscopic, Landau-Teller
equation for vibrational relaxation under these
conditions. As an alternative approach, we ex-
amined the behavior of the vibrational tempera-
ture from a microscopic viewpoint, i.e. in terms
of the individual collisional processes of energy
transfer and the probabilities of vibrational de-
excitation, simplified by reasonable approxima-
tions and assumptions. The salient features of
these two methods of calculation are outlined in
the appendix. It is noted here that the micro-
scopic formulation yields the macroscopic relaxa-
tion equation when the transition probabilities are
assumed proportional to the quantum number of
the upper vibrational level involved.

When applied to the expansion conditions of
Fig. 6, as described in the appendix, the two
methods predicted essentially the same vibration-
al temperature distribution; namely, that indicated
by the upper curve of Fig. 6. Vibrational temper-
ature distributions were then calculated for these
expansion conditions using relaxation times which
were effectively 10, 15 and 20 times shorter than
those used in the upper curve. These distributions
are also shown in Fig. 6, It is seen that the ob-
served vibrational temperatures agree well with
the distribution calculated for relaxation times
which are 1/15 those inferred from the normal-
shock studies.

Observations at Varied Reservoir Conditions-
In view of the apparently much shorter vibrational
relaxation times indicated by the initial observa-
tions, the experimental program was next extended
to examine the behavior of the measured vibra-
tional temperatures under various conditions of
nozzle-flow pressure and temperature, Accord-
ingly, two series of experiments were carried out,

The first series was conducted at a constant
value of T, = 4500°K, and A was varied from
24to 82 atm, The second series of experi-
ments was made at a constant value of B = 735
psi (50 atm.), and 7, was varied from 2800° to
4600°K. The vibrational temperatures observed
in these two experiments are shown in Figs. 7
and 8, respectively. The full curves in these fig-
ures represent the vibrational temperatures cal-
culated (as indicated in the previous sub-section)
on the basis of a relaxation time again 15 times
shorter than that inferred from normal-shock
studies. The portions of broken curves indicate
the vibrational temperature calculated in the same
way, but using relaxation times 10 and 20 times
shorter. Two main features are immediately
apparent from these figures,

First, in Fig. 7 the difference of about 150°K
between the measured vibrational temperatures at
the two area ratios 8 and 32 clearly shows that the
vibrational energy is not totally frozen at these
stages in the expansion,

Second, in both Figs. 7 and 8 the comparison
between the experimental points and the calculated

vibrational temperatures based on shorter relaxa-
tion times strongly supports the interpretation of
the data in terms of a much faster relaxation of
vibrational energy under the present expansion
conditions. Although there is some suggestion of
a departure at low temperatures and pressure, the
consistent trend of agreement between the meas-
ured vibrational temperatures and the curve calcu-
lated on the basis of a relaxation time 15 times
shorter is to be noted. This general trend is
evident not only over the wide ranges of tempera-
ture and pressure, but also at the two area ratios
used in the experiments. It clearly indicates that,
under the present expansion conditions, the Nj
relaxes at an apparent rate about 15 times faster
than under normal-shock conditions.

3.3 Discussion of Results

Considerable care has been taken in confirm-
ing the validity and interpretation of the spectro-
scopic studies of vibrational relaxation described
in the previous section, Other potential grounds
for questioning their validity have been explored
and invalidated. Mention will be made of these
before proceeding to discuss the significance of
the main results.

In the above measurements by spectrum-line
reversal, it is recognized that fictitiously low re-
versal (vibrational) temperatures could be obtained
if the Na or Cr electronic excitation were not in
radiative equilibrium, or if this excitation were un-
duly quenched by the transfer of electronic energy
to the N translational degree of freedom. How-
ever, in the former case, for even the least favor-
able conditions of nozzle pressure and temperature,
the rate of population of the electronic levels by
vibrational transfer was always significantly great-
er than their rate of depopulation by radiation.
Thus, any departures from electronic equilibrium
by radiative depletion of these levels would have
been insignificant. In the second case, quenching
by the translational degree of freedom could, at
most, increase the rate of electronic depopulation
by a factor of two, and this would result in an
effective reduction in reversal temperature of only
100°K, On the basis of the results of previous
workl7 and the arguments given in Sec. 2.2, such
a process, however, would be unlikely to occur.
Furthermore, the identical reversal temperatures
recorded by both Na and Cr made the occurrence
of both of the above mechanisms even more remote,

The effect of impurities, such as water, on
the rate of relaxation is not consgsidered important
in the present work. The total impurity content of
the N gas used was less than 100 ppm. Further,
in the present expansion flows impurities would be
expected to be less important than in normal shock-
wave flows, The reason for this is that, under the
present conditions, the impurities would be initially
dissociated behind the reflected shock and would
thus not be present as molecular species in the
initial expansion process.

Any impurity effect due to the liberation of CO
in the decomposition of the Cr(CO)¢ additive would
have been revealed in the experiments in which the
percentage of this additive was varied over a wide
range. Thus, the possibility of an effective de-
excitation of N, vibration by way of the exchange of
vibrational energy with CO molecules, and the sub-
sequent radiative de-excitation of these species, is
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of the vibrationally-excited CO molecules would
further disfavour this process.

The relatively Iana
inc relatively long

Two remaining possible sources of error are
the balance in the sensitivity of the two line-
reversal beams and the calibration of the back-
ground lamps, Serious errors from these sources,
however, are hardly conceivable, The sensitivity
of the two beams would have to be in error by two
orders to explain the discrepancies in the vibra-
tional temperatures. Similarly, the measure-
ments of the brightness temperatures of the back-
ground sources would have to be in error by
almost 1000°K,

We have thus been unable to find grounds on
which to doubt the measured temperatures, or
their interpretation in terms of the vibrational
temperature of the expanding gas. In the latter
respect, it is illustrative to note that for the par-
ticular expansion conditions and area ratio at
which the typical temperature record shown in
Fig. 5 was obtained, the equilibrated translational
and rotational temperature was only 800°K. This
temperature is well below the value of 1570°K
measured from this particular record; the inten-
sity of Na radiation at 800°K is less than that at
1570°K by a factor of 3 x 100, The only existing
excitation mechanism in the expansion having
sufficient energy to produce this observed degree
of electronic excitation is via the interchange of
vibrational to electronic energy.

It is concluded that the results of the present
work, when interpreted on the basis of the Landau-
Teller theory of vibrational relaxation, indicate
that the probability of vibrational de-excitation
under the present nozzle-flow conditions was sig-
nificantly greater than that obtained under normal-
shock conditions. However, we consider that this
in no way reflects on the results of the normal-
shock studies, but rather that the application of
these results to the present nozzle-expansion con-
ditions must be questioned. Certainly, one would
not expect measurements made by the same
method -- i.e. line-reversal -- in the two non-
equilibrium systems to produce widely differing
results if the two systems were not, for some rea-
son, incompatible,

In normal shock wave studies, the rate meas-
urements are made principally during the final
approach to equilibrium. The fact that the Landau-
Teller theory apparently predicts vibrational re-
laxation reasonably well in this region does not
necessarily imply that it would do so over the en-
tire relaxation range where the departures from
equilibrium are much more severe. It would be
surprising if it did, since it specifically deals
with relatively small departures from equilibrium
wherein the translational temperature is not
changing greatly. As previously noted, in nozzle
flows the departures from equilibrium are such as
to produce vibrational temperatures much in ex-
cess of the translational temperature, the opposite
situation to the normal shock wave. Under nozzle-
expansion conditions, the different nature of the
collisional processes may conceivably be such as
to render the Landau-Teller assumptions of de-
excitation invalid, The relation between the de-
excitation probabilities for the individual vibra-
tional levels, as discussed in the appendix, may
differ from the simple numerical type proposed

by Zener22 on the hasis of his madel of molecular
interaction. A small dependence of de-excitation
probability on the vibrational as well as transla-
tional energy of the colliding partners might sig-
nificantly affect the nozzle-flow relaxation pro-
cesses. In the normal shock wave, where the
temperatures are comparable in the observed re-
laxation regions, such an effect might not be
revealed.

Cottrell and McCoubrey24, in discussing vibra-
tional energy transfer, indicate possible errors in
estimates of de-excitation probabilities which they
review, We have investigated these in relation to
the present work, but they offer no explanation.
However, these authors do raise an interesting
point concerned with a fundamental difference be-
tween excitation and de-excitation processes which
may have some bearing, Due to attractive forces
between molecules, there exists a finite probability
of de-excitation even at zero temperature when, of
course, the excitation probability is zero. In this
light, it may be reasonable to attach to the de-
excitation probability some dependence on the vibra-
tional temperature.

In a recent paper, Bauer and Tsang33 point out
several chemical mechanisms hitherto overlooked
which at high temperatures can make vibrational
relaxation much faster than expected from the usual
inelastic collision theory. These mechanisms
equilibrate translational and vibrational energies
through chemical exchange reactions where, for
example, atomic partners in a collision of two
diatomic molecules could be interchanged. On the
basis of the estimates given by these authors,
however, the temperature range of the present
experiments appears too low for these mechanisms
to be significant.

It is not considered that the faster rates of
vibrational relaxation inferred from the present
work have any direct implication concerning the
applicability of atomic recombination rates inferred
from shock-wave dissociation studies to nozzle
flows of dissociated gases. Vibrational de-~
excitation is essentially a two-body process, and
its efficiency is determined to a large extent by
the relative velocity (i.e. kinetic temperature) of
the two colliding molecules. On the other hand,
recombination is essgentially a three-body process
and exhibits only slight dependence on temperature.
However, the present work may reflect indirectly
on the behavior of expanded flows of dissociated
gases, In such flows, the vibrational temperature
is ultimately determined by the balance between
the rate of population of vibrational levels due to
atomic recombination into these levels, and the
rate of depopulation due to the transfer of energy
from the vibrational to the translational degrees of
freedom. An enhancement in the rate of the latter
process may therefore affect the rate of recombin-
ation via its intermediate coupling with the vibra-
tional temperature.

4. HYDROGEN RECOMBINATION STUDIES

Molecular dissociation, in contrast to molecu-
lar vibration, can involve large amounts of energy
and as such can exert a significant influence on the
thermo-gasdgnamic characteristics of flow
systems®~4, 5. For highly dissociated flows of
current interest, such as the re-entry flows about
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in high-temperature shock tunnels and rocket
nozzles, the extent of nonequilibrium between dis-
sociation and translational degrees of freedom
must therefore be considered. As a result, a
great deal of effort has been expended in recent
years to obtain appropriate high-temperature
chemical rate data in shock-tube experiments (eg.
Refs, 26-28). These experiments entaii study of
the flow behind normal shock waves where molecu-
lar dissociation is the dominant process in the
approach to the final equilibrium state attained.
Recombination-rate constants appropriate to ex-
pansion flows as in rocket nozzles are inferred
from such shock-tube measurements by assuming
that the equilibrium mass-action law is valid for
nonequilibrium conditions, and that the shock-
wave kinetic data can be extrapolated to the nozzle
flow where the thermo-gasdynamic environment
is very different.

hypervelocity bodies and various internal flows as

There is a need to verify the extrapolation of
shock-wave chemical rate data to expansion flows,
as well as obtain improved values of recombina-
tion rate constants at high temperatures. This
need is particularly evident as regards the use of
hydrogen as a high-temperature rocket propellant,
Theoretical estimates of hydrogen rocket perfor-
mance show that small changes in the frozen atom
concentration can result in significant changes in
specific impulse25. The technical importance of
the dissociation-recombination kinetics of hydro-
gen is evidenced by the recent research emphasis
on dissociated Hy flows7s 26-28  While this inter-
est in Hp stems mainly from its potential as a
rocket propellant, the kinetics involved also have
a fundamental significance as regards expansions
of dissociated air about re-entry bodies, Despite
the recent emphasis an H; kinetics, it may be
noted that the hydrogen-atom recombination rates
inferred by various investigators from shock-wave
dissociation studies26-28 vary by as much asa
factor of six, This situation is in contrast to that
for nitrogen vibration, previously discussed,
where the shock-wave rate data of different in-
vestigators are generally in good agreement (cf.
Fig. 4).

In the present studies, a mixture of dissoc-
iated hydrogen and argon was expanded in the 15°
conical nozzle from an equilibrium reservoir
temperature of 6000°K over a range of reservoir
pressures from 28 to 112 atm. Wall static pres-
sure distributions were measured. The purpose
of the experiments was twofold: first, to reveal
any departure of static pressures from the limit-
ing values for chemical equilibrium; and second,
to interpret observed departures from equilibrium
pressures in terms of hydrogen-atom recombina-
tion rates.

A basic difficulty arises in attempting to infer
chemical reaction rates from measured static
pressures in such flows, The static pressure is
inherently rather insensitive to the flow chemistry.
As a consequence, the accuracy of pressure meas-
urement necessary to determine a rate to better
than a factor of two is difficult to attain, exceed-
ingly so in the present type of nozzle-flow experi-
ment employing shock-tube methods. While the
accuracy of pressure measurement can be made
much higher in steady-state nozzle-flow systems,
the shock-tube approach is unique in providing
the high reservoir temperatures of present inter-
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standing their limited usefulness in determining
reaction rates, the present experiments were con-
sidered a necessary prelude to the development of
special diagnostic techniques more sensitive to the
Hj3 nozzle-flow chemistry.

The use of argon as an inert diluent for hydro-
gen in the present studies was necessary in order
to attain the desired high reservoir temperature
by dependable shock-tube driver techniques. Also,
the use of argon facilitated comparison of rate con-
stants with results from various shock-wave dis-
sociation studies made with Hy-Ar mixtures.
Calculations indicated that an undissociated test-
gas mixture containing about 8% H) would give a
large amount of enthalpy in dissociation relative
to the total enthalpy at the reservoir conditions of
interest. A large amount of energy in dissociation
was necessary in order to expect measureable
effects of chemical nonequilibrium on the nozzle-
flow static pressures. A premixed cylinder of
Hjy-Ar test gas for the experiments was obtained
from the Matheson Co. Inc. of East Rutherford,
New Jersey. The analysis of this mixture, furnish-
ed by the supplier, gave the following composition:

HZ - 7.95?0

Hydrocarbons ~- less than 100 ppm
N3 -- less than 100 ppm

Argon -- Balance

At the equilibrium reservoir conditions attain-
ed behind the reflected shock wave, i.e, 6000°K in
temperature and 28 to 112 atm. in pressure, the
hydrogen was more than 90% dissociated in all
cases. Because of this high level of dissociation,
and also the high natural frequency of H; vibration,
the reservoir energy in molecular vibration was
very small relative to that in dissociation. Thus,
from the viewpoint of the energy involved, a lag
in hydrogen atom recombination was expected to
be the dominant nonequilibrium process in these
expansions. Observed departures from equilibrium
could then be reasonably attributed to this cause
alone.

4.1 Experimental Results

The initial experiments with the H2-Ar mixture
were carried out at equilibrium reservoir condi-
tions of 6000°K temperature and 57 atm. pressure.
The reservoir conditions attained behind the re-
flected shock wave were determined by calculation
from the measured speed of the incident shock-
wave and the initial test gas conditions. In each
experiment the reservoir pressure was also meas-
ured. Wall static pressures were measured at
nozzle area ratios A/A* of 4, 8, 16, 32, and 64
using the techniques described in Sec. 2.3, These
geometric area ratios were corrected for wall
boundary-layer displacement using the expression
for $9/% previously given in Sec. 2. 4.

The range of stream Reynolds numbers Pc,z
in these experiments was approximately .5 x 10
to 2 x 106, The assumption of a turbulent wall
bound‘?ry layer on which the present expression
for §%/5% is based was verified by thin-film
measurement of wall heat-transfer distributions.
These heat transfer studies were made in a 15°
wedge nozzle with the same Hy-Ar mixture and
reservoir conditions as employed in the present
conical nozzle studies, In the present experi-
ments the local displacement thickness was less
than-10% of the nozzle diameter., The corrections




to the geometric nozzle area ratios were obtained
by evaluating &,/ for local equilibrium-flow
values of M and Ee,, ., On the basis of the in-
viscid-flow calculations for finite reaction rates

to be discussed in Sec. 4.2, the effect of chemical
nonequilibrium on $%/% was found to be negligible.
In evaluating Aeyx , the viscosity M was taken
to be that for pure argon.

Typical measured pressure distributions from
the initial experiments at 57 atm. reservoir pres-
sure are compared in Fig. 9 with the calculated
limits for chemically frozen and equilibrium in-
viscid (source) flow. The geometric, nozzle area
ratios at which the pressure data were obtained
have been corrected, as described, to account for
wall boundary-layer displacement,

The measured static pressures shown in Fig,
9 are seen to lie below the limit for equilibrium
chemistry but above that for completely frozen
chemistry, It may be noted that in this case the
corrections to the geometric area ratios to
account for boundary layer are rather small, and
that the experimental data indicate lower than
equilibrium pressures even without such correc-
tions. The maximum scatter in the data occurs
at the lowest pressure level and is somewhat less
than + 10% of the corresponding mean value. The
averaTge scatter in the data, however, is only
about + 5%. The reduction in observed pressure
from the calculated equilibrium limit is consider-
ed to be a real effect, not in doubt on account of
either data scatter or boundary layer effect. This
pressure reduction is interpreted as evidence of
a lag in hydrogen-atom recombination occurring
in the flow expansion process.

Subsequent to the initial experiments at 57
atm. reservoir pressure, additional pressure
measurements were made for reservoir pressures
of 28 and 112 atm. at the same reservoir temper-
ature of 6000°K. A plot of all the measured pres-
sure data, corrected for boundary layer, is shown
in Fig., 10 along with the calculated limits for
equilibrium and frozen flow for 57 atm. The cal-
culated limiting curves are essentially independ-
ent of reservoir pressure over the range covered.

The measured pressure data of Fig. 10 gener-
ally show increased reduction from the equilibrium
limit with decreased reservoir pressure. This
general trend is as expected on the basis of
(lagging) recombination of hydrogen atoms occur-
ring via three-body collisions. Three-body
recombination has a stronger dependence on pres-
sure {(density) by one order than has a two-body
collision process such as dissociation. The exper-
imental data of Fig. 10 for the lowest reservoir
pressure of 28 atm. are seen to lie close to the
calculated frozen limit, while those for the high-
est reservoir pressure of 112 atm. lie close to
the equilibrium limit.

While the general trend and consistency of
the pressure data in Fig. 10 is clear, two detail-
ed features which are not understood should be
noted. First, at the highest measured pressures
where the corrected area ratio is slightly less
than 4, the data cluster together for all reservoir
pressures rather than showing the separation
present elsewhere. Second, at the highest reser-
voir pressure of 112 atm. the experimental data
at the two largest area ratios tend to lie slightly
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higher than the calculated equilibrium limit. These
two features have been found to be quite reproduc-
ible. Although it is not considered that either of
the effects influence the general interpretation made
of the data (i.e. as reflecting recombination lag),
we do not have a satisfactory explanation for their
occurrence. The data cluster at area ratio 4 is

the more serious effect. We are inclined to dis-
count these particular data completely in view of
slight discrepancies observed at the same area
ratio in the nozzle calibration experiments des-
cribed in Sec. 2.4, as evident in Fig. 3,

4,2 Comparison With Finite-Rate Calculations

The experimental data were considered suffi-
ciently accurate to warrant comparison with cal-
culated pressure distributions for the purpose of
inferring recombination rate constants., The case
of 57 atm. reservoir pressure was chosen for de-
tailed comparison. Calculations of the inviscid
expansion flow for finite reaction rates and the
particular geometry of the 15° conical nozzle were
carried out numerically using an existing IBM
machine code previously developed at CAL (Ref.
4). Within the framework of the assumed kinetics,
and pseudo-one-dimensional (or source) flow with-
out transport phenomena, this code provides an
exact numerical solution to the nonequilibrium
flow. The initial conditions for starting the cal-
culations were generally taken to be equilibrium
conditions existing at the nozzle throat. This
simplification was made to minimize machine com-
puting times and had negligible effect on the solu-
tions obtained.

The reaction mechanism assumed inthese cal-
culations was the complete dissociation-recombina-
tion reaction

Ko
— //
Hz*x*;-‘e—z +X

where X is any of the bodies Ar, H, or H;. In
the machine computing program, the forward and
reverse rate constants, ,Q‘, and kg , are related
in the usual way through the equilibrium constant.
In the first series of calculations carried out, the
values of corresponding to the various third
bodies were taken to be constant, independent of
temperature. Values of /Qa approximately
corresponding to the smallest values inferred in
previous shock-wave dissociation studies with
Hp-Ar mixtures26-28 gave the calculated lower
curve I shown in Fig. 11, This curve is seen to
correspond approximately to the lower limit of
scatter of the experimental pressure data. The
magnitudes of the recombination rates were then
increased by a factor of six to obtain the calculated
upper curve II in Fig. 11, which lies approximately
10% above curve I,

It is noted that the above factor of six approx-
imately corresponds to the range of variation in
recombination rates inferred from shock-wave
dissociation studies (with H2 + Ar) by various in-
vestigators26-28, Further, the 10% difference in
pressure between curves I and II produced by this
factor of six change in rates represents the aver-
age scatter of the present data.

The particular values of the (shock-wave)
rate constants employed to obtain curves [ and II




are also tabulated in Fig. 11. It wiil be nouied

that the dominant rate constant in these calcula-
tions is that for the hydrogen atom as the third
body. This rate constant is sufficiently large,
that, despite the relatively low concentration of

H as compared to Ar, the actual rate of atom re-
combination due to H as a third body considerably
exceeds that due to Ar as a third body. The differ-
ence in pressure between curves I and II is thus
largely due to the corresponding change in /Ay

for H as the third body. This difference would

not be strongly affected by changes of a different
magnitude in kg for Ar and H; as third bodies,
The hydrogen molecule, in particular, is relatively
unimportant as a third body because of its very
low concentration.

The fact that a change of a factor of six in
rate constants produces a change in the calculated
pressures of only about 10% illustrates the insen-
sitivity of pressure to the flow chemistry and the
basic difficulty of inferring rate constants from
the pressure data. Taking the average scatter of
the experimental data to be + 5%, the best esti-
mates of recombination rates to be inferred from
the data of Fig. 11 are the geometric mean values
of the rates shown for curves I and II. The uncer-
tainty in these mean values is then a factor of
about 2.5. It will be noted that these mean values
lie within the range of variation of reported shock-
wave results, as mentioned above. Within a fac-
tor of about 2.5, any incompatibility in the applica-
tion of shock-wave rate data to the present expan-
sion flows (i.e. analogous to what is observed for
nitrogen vibration) would be masked not only by
the scatter of the present data but also by the var-
iation in the shock-wave results,

The difficulty of determining a unique recom-
bination-rate constant from such pressure data is
further illustrated by a second series of calcula-
tions carried out to reveal the effect of a tempera-
ture dependence of /é'e Figure 12 shows
typical results for the calculated pressure distri-
butions. The lower curve is identical to curve
of Fig, 11. The upper curve was calculated
assuming all £, values to be proportional to 7/
and matching with the values for the lower
curve at the nozzle throat { 7=24500°K). The
slight difference between these two curves indi-
cates that theoretical pressure distributions cal-
culated assuming rate constants inversely depend-
ent on temperature to a small power could equally
well be fitted to the experimental data of Fig. 11.

Finally, it is noted that the present results
for H-atom recombination rate constants are in
some contrast to the results recently reported by
Widawsky et al?, These authors also employed
static pressure measurements to reveal non-
equilibrium effects in nozzle expansions of disso-
ciated Hp. In their tests they used pure H;
initially dissociated by electric discharge, and
tested at reservoir pressures around 1 atm, They
do not consider different third-body effects, and
their recombination-rate constants inferred tend
to average substantially higher than the average of
corresponding shock-wave rate constants, How-
ever, meaningful comparison with their results is
difficult because of the different reservoir con-
ditions and test-gas mixtures employed. In
addition, there are certain important questions
concerning the rates inferred from their experi-
ments which are not discussed. These questions

include the effect of nozzie-wall boundary iayer
(which though possibly having only a small effect
on pressure would nevertheless have a very large
effect on rate constants inferred from pressure),
and the effects of the vaporized trigger wire as an
impurity (possibly catalytic) influencing the flow
chemistry.

5. CONCLUDING REMARKS

The present experiments were undertaken to
observe thermal and chemical nonequilibrium
effects in simple expansion flows characterized by
a single dominant rate process. It was thereby
hoped that observed effects would be reasonably
definitive and could be interpreted with confidence.

The results obtained on nitrogen vibrational
lag by use of the sensitive line-reversal method,
i.e, that vibrational temperatures remain much
closer to equilibrium during flow expansion than
anticipated, were quite unexpected and have not
been completely explained within the framework of
existing theory. Independent confirmation of these
results is clearly desirable considering the im-
portance of vibrational relaxation as a fundamental
process for the exchange of molecular energy. The
present results also have a direct implication as
regards the problem of vibrational relaxation in
wind-tunnel nozzle flows of N7 or air. They indi-
cate that vibrational freezing, and consequent
effects on the gas dynamics, may be much less
severe than previously anticipated.

The experiments with dissociated H, + Ar
mixtures show a definite departure from equili-
brium static pressures which is interpreted as due
to lag in H-atom recombination occurring in the
flow expansion. The recombination rate constants
inferred from the pressure data (which are domin-
ated by that for H as the third body) lie within the
range of variation of those inferred from previous
shock-wave dissociation studies with similar Hp +
Ar mixtures. However, the uncertainty in the rate
constants deduced, namely a factor of about 2.5,
together with the spread of the shock-wave rate
data could mask an appreciable difference in this
respect. Further clarification requires additional
studies employing diagnostic methods more sen-
sitive to the Hp-flow chemistry than is the static
pressure. Development of a spectroscopic tech-
nique for this purpose is currently underway at
CAL.

APPENDIX - METHODS OF CALCULATION
OF VIBRATIONAL TEMPERATURES IN
EXPANSION FLOWS

The first of two methods to be described is
similar to the one described in Ref. 5, and is re-
ferred to here as the macroscopic relaxation
method. The second method was developed during
the course of the present work, and is referred to
here as the microscopic de-excitation method.

Macroscopic Relaxation Method - This method
assumes the applicability of the Landau-Teller relax-
ation equation as used in normal shock studies.

The macroscopic relaxation time T from Fig. 4

is used to characterize vibrational de-excitation
during pseudo-one-dimensional expansion processes.
This relaxation equation is, for steady flow,
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JETI_ £(T)- E(T.)
dw A

where

(1
s

£(T,)= vibrational energy at the local vibrational
temperature T,
5/7‘)_ vibrational energy which would exist at the
local translational temperature 7
5= macroscopic characteristic relaxation
length, & T
(% evaluated at the local value of 7 )
®xa ax1al distance measured from nozzle throat.

If the diatomic molecule is represented by a har-
monic oscillator, the vibrational energy £ s
given by

where € is the characteristic vibrational temper-
ature (taken as 3374°K for N;).

Equation (1) together with the usual gasdynam-

local vibrational temperaiure is

obtamed in mtegral form, which involves the pro-
bability of de-excitation per collision as an easily
adjusted independent parameter.

nrn:eunn

.

(>

"
1"
b

This method considers a multi-level vibrator
with the transfer of energy between adjacent vibra-
tional levels represented by

‘t P
MU TR+ 7z
/¢
where{ﬂ ) and(‘?’l)are the populations of the ¢ th
and th levels in molecules/cm3, and ,é , M
the rates of collisional excitation and de-excitation
for these respective levels. 22 is any Nj mole-
cule, so that /‘ﬂ) Z(‘?t‘) The time rate of
change of{‘?t‘)w givén by

Bl )= byl Ry ()

By considering the ratio of the population of the two
lowest levels ( 0 and 1) it can be shown that the vib-
rational temperature 7, at any distance ¢
from the nozzle throat is given by

- /1 Z/of& i —9/7') / -%
Gl —/'f»):* ,é— %z (//_%‘T)[;*[/—;??)e /% @

ic equations and thermodynamic relations com-
pletely describe the vibrational relaxation of ni-
trogen in the conical nozzle without transport or
wall effects. For given initial conditions and
nozzle geometry, exact solutions to the system of
equations can be obtained by rather laborious num-
erical techniques. An approximate solution to Eq.
(1) above can be obtained much more readily by
evaluating £(7)and Ag=& T (M)for equilibrium
flow, Generally, the effects of vibrational relax-
ation on the thermo-gasdynamics of the nozzle
flow are sufficiently small (due to the rather
small enthalpy involved) that this approximation
is quite good, as demonstrated in Ref. 5. Ex-
pressing Eq. (1) in finite difference form as in
Ref. 5, the vibrational energy distribution can
then be determined by step-by-step computation
from

2.2.'.]

H7) ET)n+

vibrational temperature at the throat

local gas density

local gas velocity

local translational temperature

probability of de-excitation from level 2

to level 1 = #ar/Z

2 = probability of de-excitation from level 1
to Zero level = Aro/Z

Z = collision frequency, collisions per
mole/cc per sec.

J4 = molecular weight

wou o oiu

In deriving Eq. (2), the assumptions made are
that a Boltzmann distribution is maintained between
the levels during the expansion, and that transi-
tions occur only between adjacent levels. The first

E(T)nsst + [/f)ﬂ_

e = )
z lﬂ *

where »#?7 and #M+/ refer to two adjacent locations
along the nozzle axis separated by distance 4%,
and and 7 are evaluated for equilibrium
flow. It is noted that the second term on the right
hand side is a function of the equilibrium flow sol-
ution only and tends to zero rather rapidly within
increasing % In the present work the results
obtained by the foregoing approximate method have
also been found (as in Ref. 5) to agree well with
the results obtained by solving the complete sys-
tem of equations by hand calculation.

Microscopic De-excitation Method - In the
microscopic de-excitation method, the relaxation
of the vibrational temperature is expressed in
terms of the probability of vibrational de-excita-
tion and its dependence on the local translational
temperature and pressure. In this way, an ex-

4a¥2 [
[ Zlnpl]

l ne/

An

assumption is reasonahly well justified, since the
exchange of vibrational quanta between levels
occurs about 10° times more efficiently than vibra-
tional-translational exchanges,
tion follows that initially made by Zener22 on the
basis of the nature of the particular molecular
interaction involved.

The ratio of the de-excitation probabilities

2,// in the integrand of Eq. (2) is of particular
interest., On the basis of the Landau-Teller theory
these probabilities are proportional to the quantum
number of the upper level concerned, and this
ratio is thus 2. For equal probabilities the ratio
is 1. In the first case, it can be shown that by
expressing the vibrational temperature 7 in
terms of the vibrational energy [{7‘;) for a simple
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harmonic oscillator, the integral expression,
Eq. (2), redunces to the macroscopic landan-
Teller form given by Eq. (1). This is not sur-
prising, since the Landau-Teller probabilities
are invoked in reducing the integral expression.
It is interesting to note that in the second case,
for equal probabilities, the integral reduces to a
similar form as that for a two-level oscillator.

In an analogous manner as for Eq. (1), the
integral Eq. (2) can be numerically solved to good
approximation by using values for T correspond-
ing to equilibrium flow. Values of transition pro-
babilities for nitrogen have been collected and
plotted for a range of translational temperature by
Rudin23. The results of calculations by this
approximate method using the transition probabili-
ties of Ref, 23 and assumingé, =2 are in
agreement with the results calculated from the
macroscopic method, Eq. (1). It may be noted
that for equal probabilities, or &§, /;?.:/ , the
calculated vibrational temperatures are only
slightly lower, namely about 3%, than those for

&L/, =2 for atypical case.
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